Mitochondria are the powerhouses of the cell, providing the vast majority of cellular ATP under aerobic conditions. However, this essential function comes at the cost of reactive oxygen species (ROS) production, which can cause cellular damage. With age, mitochondrial function declines, resulting in decreased ATP production and increased ROS production, which may contribute to the aging process. In this review, we explore the evidence linking impaired mitochondrial function to age-related degeneration, highlight methods that have been shown to improve mitochondrial function, and speculate on whether they can lead to rejuvenation.
Introduction
Aging is broadly defined as a decline in the functional capacity of both individual cells and entire tissues over time. This decline in function leads not only to an increase in disease risk, but also to the eventual demise of the organism. Although the aging process is still not fully understood, events at the subcellular level are increasingly implicated in promoting or allowing the progressive deterioration during aging. The mitochondrion, an organelle typically presented as the "powerhouse of the cell," has received a great deal of attention as a driving cause of aging in cells and tissues. With increased understanding of how mitochondria decline with age, there are increased opportunities for therapeutic interventions that could not only improve mitochondrial function, but benefit the entire cell, tissue, and organism. Here, we review different aspects of mitochondrial changes with aging ( Figure  1 ), as well as attempts to limit or reverse mitochondrial dysfunction to prevent aging ( Figure 2 ).
Changes in Mitochondria with Aging ROS
A prominent theory proposes that sometime in the early evolution of eukaryotes, an endosymbiotic event led to the formation of mitochondria [1, 2] . This event allowed eukaryotic cells to perform oxidative respiration, conferring an evolutionary advantage as evidenced by the explosion of eukaryotic cell life forms. However, mitochondria also became the major site of reactive oxygen species (ROS) production that could, if uncontrolled, level considerable damage on the mitochondria and potentially the rest of the cell [3] . Extrapolated to a multi-cellular organism, ROS could be detrimental to tissue integrity and function, especially if oxidative damage were allowed to accumulate over time. In order to combat this problem, the mitochondrion has a well-developed cadre of antioxidant enzymes and molecules to defend against ROS production. For example, it has its own isoforms of superoxide dismutase (SOD2 or MnSOD), and glutathione peroxidase [4, 5] .
The ability of mitochondria to defend against oxidative stress is not necessarily maintained throughout aging. Endogenous antioxidant systems, especially in the mitochondria, are often found Exercise serves to improve mitochondrial function and reduce pathologies even in mice with inborn mitochondrial dysfunction. Calorie restriction (CR), a dietary intervention that increases longevity in a variety of organisms, improves mitochondrial function. Induced pluripotent stem (iPS) cell technology "reset" the clock in the mitochondrial compartment. Improving mitochondria function may have benefits at the cellular and organismal levels, leading to improved health and potentially increased longevity. to be downregulated with age [6, 7] . Aged tissues often have high levels of oxidative damage, and oxidative stress has been implicated in the progression of age-related diseases such as diabetes, heart disease, hearing loss, cancer, and various neurological disorders [7] [8] [9] [10] [11] . These observations support the "Mitochondrial Free Radical Theory of Aging", which proposes that oxidative stress and increasing mitochondrial dysfunction create a vicious cycle that promotes the deterioration of the cell and eventually, the deterioration of tissues and the whole organism [12, 13] .
Despite the elegant simplicity behind the "Mitochondrial Free Radical Theory of Aging", it is not without controversy. Numerous studies have shown that the relationship between oxidative stress, aging, and longevity is tenuous at best. A comparison of rats and pigeons, similarly sized endotherms that have a seven-fold difference in longevity, showed no overt difference in ROS production and antioxidant levels in various tissues [14] . However, rats, which are shorter-lived, show increased oxidative damage to fatty acids. The naked mole rat (Heterocephalus glaber), a curious rodent with a lifespan of up to 30 years or more, shows intriguing patterns in oxidative stress and damage. Compared to closely related species with much shorter lifespans, such as mice and rats, the naked mole rats produce comparable amounts of oxygen radicals and, surprisingly, exhibits higher biomarkers of oxidative damage [15, 16] . However, the naked mole rats differ in their susceptibility to oxidative stress: cells from the naked mole rats have increased resistance to oxidative stress-induced apoptosis [17] . Thus, a confounding factor to oxidative stress is the capacity of cells to resist oxidative stress.
If oxidative stress and damage are indeed causal to aging, reducing oxidative stress and damage should slow or reverse aging. However, several studies indicate just the opposite. Exogenous antioxidant treatments are not helpful in promoting longevity or preventing age-related diseases [18] [19] [20] [21] [22] . Strikingly, overexpression of several major antioxidants, including the various isoforms of SODs, as well as catalase, an antioxidant enzyme in the peroxisome, did not lead to increased lifespan [23] .
Some explanations as to why antioxidant treatments remain ineffectual include technical considerations, such as permeability through membranes and bioavailability of the antioxidant to the sites of oxidative stress [24] . In support of this idea, the targeted expression of catalase to the mitochondria clearly offers protection against mitochondrial oxidative stress and age-related decline in mitochondrial function in mice [25] . Similarly, the antioxidant compound SkQ1, whose positive charge allows targeting to the negatively charged intermembrane space of the mitochondria, is successful in reducing mitochondrial oxidative stress and decelerating senescence [26, 27] . Additionally, overexpression of the cytosolic antioxidant thioredoxin 1 in mice conferred clear protection against oxidative damage, as well as increased survivability at earlier life stages [28] .
Another possibility is that merely increasing the levels of the antioxidative enzymes is not sufficient to effectively increase antioxidative capacity. The antioxidative enzymes may need to be modified to function at full potential. For example, overexpression of SOD2 only modestly reduces cellular ROS levels. However, deacetylated SOD2 has dramatically increased capacity to dampen cellular ROS [29] . Thus, despite some evidence inconsistent with the Free Radical Theory of Aging, oxidative stress is still likely to be a major cause of aging.
mtDNA Damage
Mitochondria are unique among the organelles in that they sustain their own genomes. The mitochondrial genome is limited to the expression of rRNAs, tRNAs, and genes coding for mitochondrial proteins, most of which are subunits in the complexes of the electron transport chain (ETC) (as reviewed in [30] ). Damage or mutations to the mtDNA can accumulate clonally, leading to respiratory chain deficiencies in tissues [31] [32] [33] . mtDNA damage is widely believed to be created by ROS: the proximity of the mtDNA to the ROS-producing ETC induces damage and mutations in the mtDNA. These mtDNA mutations, if accumulated to a sufficient level, can lead to inefficient ETC and increased ROS production. This process becomes a vicious cycle [34] .
Much has been learned about mtDNA mutation and aging from the mtDNA mutator mice, which express an error-prone version of the catalytic subunit of mtDNA polymerase. These mice show accumulation of mtDNA mutations and accelerated aging phenotypes [35] . Strikingly, in non-dividing tissues, the amount of ROS produced is normal and there is no increased accumulation of oxidative damage [36] . However, the mtDNA mutator mice contain dysfunctional somatic stem cells, which can be rescued by antioxidant treatment [37] . Thus, mtDNA mutations cause aging by increasing cellular ROS levels in somatic stem cells, which are particularly sensitive to oxidative stress and crucial for the aging process. In addition to stem cell defects, mtDNA mutator mice also have deficiencies in several ETC complexes [38] , which indicates that dysregulated energy production and metabolism may also contribute to their premature aging phenotypes.
Energy Production and Metabolism
Mitochondria are often affectionately nicknamed " the powerhouse of the cell." The epithet is well earned, as one of the most important contributions of the mitochondria to the cell is the production of ATP through oxidative phosphorylation. It has been observed that aged mitochondria have diminished ATP production [39] . The expression of mitochondrial genes is usually downregulated in aged rats and mice, which may account for diminished mitochondrial ATP production [40, 41] . Interestingly, the long-lived naked mole rats do not have a reduction in mitochondrial gene expression with age.
The diminished ATP production by aged mitochondria poses a problem for the cell: aged cells must either be able to survive on less ATP or they must shift their metabolism toward extra-mitochondrial energy production. Recent work by Houtkooper et al. indicates that the latter may be occurring [42] . Among their findings was evidence that aged mouse liver and muscle have reduced glycolytic intermediates, but more lactate, indicating a higher reliance on anaerobic metabolism through glycolysis. This reliance on anaerobic glycolysis is in keeping with their observations that several genes that code for mitochondrial proteins are transcriptionally downregulated with age, including genes involved in fatty acid import and oxidation, as well as genes in the ETC. These findings are consistent with work done on dog liver tissue, where glycolytic genes were found to be upregulated, but ATPase was downregulated [43] . This increased dependence on glycolysis with age may be a conserved phenomenon in humans, as suggested by work on aged skin keratinocytes [44] .
Consistent with changes in metabolism, the cellular redox status changes with age. In several tissues of aged wistar rats, both the total cellular NAD+ pool and the NAD+:NADH ratio were diminished compared to young rats [45] . These changes in redox status can have dramatic effects on aging. For example, this environment is prohibitive for the activity of NAD+-dependent enzymes, such as the sirtuins, which extend lifespan in model organisms. It would be interesting to 
Structure and Dynamics
Mitochondria have very distinct structures, consisting of a double membrane construction and a highly folded internal membrane forming the "cristae". Mitochondria form adaptable networks, which fuse and break apart in turn. These mitochondrial dynamics have been increasingly appreciated for their role in healthy mitochondrial maintenance. Deficient fusion or fission causes severe mitochondrial dysfunction, which has profound physiological relevance, such as neurodegeneration and muscle atrophy [46] [47] [48] [49] [50] . Aged tissues were found to harbor giant mitochondria [51] [52] [53] , suggesting that mitochondrial dynamics may be altered in aged tissues, contributing to mitochondrial decline with age.
Maintaining structure within the mitochondria also has functional consequences. The major site for oxidative phosphorylation (OXPHOS) is the cristal membrane. The organization of the cristae into welldefined cristal junctions creates a thermodynamically favorable environment for efficient ETC and ATP production [54] . Whereas the muscle mitochondria of young rats have well delineated cristal structures, the muscle mitochondria of aged rats display undefined cristae [55] . These structural defects may result in an age-dependent decline in mitochondrial function.
Mitochondria not only interact with each other, but can physically interface with other organelles, such as the endoplasmic reticulum (ER) [56] . This interface can affect calcium pools and calcium-related signaling within these organelles. The ER-mitochondria foci also allow for direct exchange of phospholipids necessary to maintain the mitochondrial inner and outer membranes. These interactions may represent a potentially important mitochondrial maintenance mechanism during aging. Indeed, an alternate explanation for the agerelated swollen "giant mitochondria" is increased calcium signaling and aberrant opening of the mitochondrial permeability transition pores [57] .
Mitochondrial-nuclear Crosstalk
Although mitochondria have their own DNA, the coding regions are only responsible for a small fraction of the total mitochondrial proteins; nuclear genomic DNA code for the remainder. Therefore, it is necessary for the nucleus and mitochondria to communicate their adaptive needs as the cell experiences different stressors. "Mitohormesis" is a concept that arose to describe the retrograde cellular response to mild stresses in the mitochondria. A mild insult occurring in the mitochondria, such as low levels of oxidative stress, results in the cell mounting a protective response to manage the insult. The net outcome is actually beneficial to the cell. This process is very much dependent upon mitochondrial-nuclear communication and is thought to underlie the life-extension benefits of low glucose dietary interventions [58, 59] .
The rhomboid protease PARL, found in the inner mitochondrial matrix, has the ability to cleave itself, creating a PARLb peptide, which is targeted to the nucleus to promote the transcription of mitochondrialrelated nuclear factors (PGC1-b, NRF1, and MFN1) and increase mitochondrial mass [60] . PARL appears to be relevant to mitochondrial aging as PARL expression was found to be downregulated in aged human skeletal muscle biopsies [61] . The decreased expression of PARL with age may lead to a decreased ability to communicate mitochondrial bioenergetic signals back to the nucleus through the PARLb peptide.
Another mitochondrial-nuclear crosstalk pathway was uncovered in Retinal Pigment Epithelial (RPE) cells. Under oxidative stress conditions, the mitochondrial protein prohibitin is shuttled from the mitochondria to the nucleus, creating anti-apoptotic conditions to protect the cells from premature cell death [62] . Interestingly, prohibitin expression is decreased in RPE cells with age, indicating that this defense mechanism is suppressed with age.
The Promise of Rejuvenation
The possible causal role of declining mitochondrial function to aging raises the question of whether rejuvenation can be achieved by improving mitochondrial function. This section of the review will focus on methods to improve mitochondrial function and speculate on whether any of these methods could potentially be used to rejuvenate cells and extend lifespan ( Figure 2 ).
CR, SIRT3, and Mitochondria
It has been known for decades that Calorie Restriction (CR), a diet that consists of reduced caloric intake without malnourishment, extends lifespan in rodents, and recent work has shown that CR extends lifespan in yeast, worms, and flies among other organisms [63] . CR has even been shown to dramatically improve health and cognition and reduce age-related mortality in primates [64] . While the mechanisms behind how CR improves health and extends lifespan are not completely known, studies have consistently shown that CR leads to a reduction in mitochondrial oxidative stress [65] . Originally, the reduced oxidative stress in mitochondria was thought to be due to a decreased metabolic rate, resulting in a lower production of ROS, and some evidence supports this theory [66, 67] . However, other studies indicate that mitochondrial activity actually increases in organisms undergoing CR [68, 69] . Indeed, CR promotes mitochondrial biogenesis via eNOS [68] . Thus, CR increases the amount of mitochondria and can lead to an increase in their metabolic rate. How then do mitochondria reduce oxidative stress under CR?
Clues to the resolution of this puzzle came from reports that during CR, the ability of mitochondria to scavenge ROS improves, and this ability depends on the activity of the sirtuin SIRT3 [10, 29] . The sirtuins are an evolutionarily conserved family of NAD + -depended deacetylases that have been shown to promote lifespan in model organisms when overexpressed [70] . SIRT3 is one of seven mammalian sirtuins and one of three that are localized to the mitochondria [71] . CR increases the expression and activity of SIRT3 [29, 72] . SIRT3 deacetylates superoxide dismutase 2 (SOD2) and isocitrate dehydrogenase 2 (IDH2), increasing their activities, which are essential for reduction of oxidative stress in the mitochondria. In the absence of SIRT3, the reduction in oxidative stress during CR is abrogated [10, 29] .
From a physiological standpoint, SIRT3 has been shown to be crucial for the ability of CR to stave off age-related hearing loss [10] . Hearing loss is a degenerative condition that occurs with aging and is at least partially driven by oxidative damage arising from mitochondria. Mice fed a CR diet show a delay in the deterioration of hearing that is abrogated in the absence of SIRT3 [10] . The study directly implicated oxidative stress from mitochondria in a pathology of aging and showed that this condition can be ameliorated by a dietary regimen.
The importance of SIRT3 for mitochondrial health is also demonstrated by studies in the heart and the kidneys. Mice deficient in SIRT3 show premature aging in the heart, due to increased oxidative stress and dysregulation of the mitochondrial permeability transition pore. This results in hypertrophy and fibrosis in the heart well before the J Clin Exp Pathol ISSN: 2161-0681 JCEP, an open access journal Mechanisms of Aging and Longevity age at which they normally occur in wild type hearts [73, 74] . Oxidative stress from the mitochondria also plays a detrimental role in kidney function as evidenced by mice fed a high fat diet, which exhibit strong kidney inflammation. This inflammation was abrogated by enforced expression of SIRT3, which improved mitochondrial function and the health of the kidney cells [75] .
The benefits of CR are at least partially mediated by improved function of mitochondria. SIRT3 is crucial for maintaining mitochondrial health and for reducing oxidative stress in mitochondria under CR. Thus, SIRT3 serves as an intriguing target for mitochondrial rejuvenation. While CR poses practical limitations in human implementation due to its effect on the quality of life, pharmaceutical activators of proteins activated by CR, such as SIRT3, may provide most of the beneficial effects of CR with none of the hunger pains. A study of mitochondrial health and lifespan in SIRT3 transgenic mice will be informative with regards to assessing the feasibility of this approach.
Rejuvenation through Exercise
The idea of rejuvenation through exercise has been tested with the mitochondrial mutator mice [35] . When the mice were placed on an endurance exercise regimen for 5 months, they showed substantial improvements in mitochondrial function along with much improved physiology [76] . Although the molecular mechanisms underlying these drastic systemic changes are not well understood, it is thought that endurance exercise may increase the activity of PGC-1α, which has been speculated to increase mitochondrial biogenesis and improve clearance of damaged mitochondria [76] .
Next-generation Interventions
More advanced molecular interventions hold even more promise for rejuvenation. A cocktail of 4 transcription factors has been shown to restore the differentiation capacity of cells, including cells from very aged donors, into cells that have attributes of embryonic stem cells (ESCs), termed induced pluripotent stem (iPS) cells [77] . Recent work indicates that the process of inducing pluripotency also rejuvenates the energetic capacity of the aged cells, and dramatically improves their mitochondrial function [78, 79] . Mitochondria from the iPSC cells of centenarian donors are functionally and morphologically indistinguishable from the mitochondria of Embryonic Stem Cells (ESCs). Thus, the decline in mitochondrial function with age is fully reversible.
Spatial and Temporal Mitochondrial Regulation of Aging
While it is clear that increasing mitochondria dysfunction contributes to the decline of tissue integrity and the progression of aging, it is unclear whether mitochondrial health is equally important across all tissue and cell types. Tissue-specific stem cells are responsible for the maintenance and repair of the tissues of an organism throughout its lifespan. Given this monumental task, it is probable that these cell populations are more sensitive to age-related mitochondrial dysfunction. Aged stem cells have fewer mitochondria, reduced oxidative metabolism, and increased oxidative stress [80] . Numerous mouse models with defective management of ROS have compromised stem cell functions, which can be rescued by antioxidant treatments [81] [82] [83] , indicating the critical importance of mitochondrial oxidative stress in stem cell and tissue maintenance during the aging process. As discussed above, stem cells are particularly sensitive to mitochondrial damage and oxidative stress compared to post-mitotic tissues.
Mitochondria in different tissues may differentially contribute to organismal longevity. In D. melanogaster, overexpression of PGC-1 in the digestive tract has been shown to improve mitochondrial function and increase longevity [84] . Yet, there is no increased longevity for overexpression in neurons, muscle, or upon ubiquitous overexpression of PGC-1.
Elegant studies in C. elegans provide high resolution spatial and temporal views of mitochondrial regulation during the aging process [85] . Although compromised mitochondrial function is thought to contribute to aging, lifespan can also be extended by reducing mitochondrial function, and in particular, the function of ETC components. However, reduced ETC modulates the aging process in tissue-specific and temporal-specific manners. The L3/L4 larval developmental period, when mitochondria undergo dramatic proliferation, is a critical period in which reduced ETC modulates the aging process. Suppressing the ETC components before but not after this developmental stage induces the mitochondrial stress response and extends lifespan. Not all tissues are equally responsive to the ETC-induced lifespan extension. For example, reducing the ETC in neuronal and intestinal tissues but not muscle extends lifespan. Strikingly, mitochondrial stress in one tissue can produce a signal that is transmitted to a distal tissue to induce mitochondrial stress. Thus, mitochondrial perturbation can modulate the aging process in a non cell-autonomous fashion.
Conclusion and Future Perspectives
The mysteries shrouding the aging process are slowly being unraveled by the powerful tools of molecular and cell biology. As we have learned more about the mechanisms that contribute to aging at the molecular level, we have begun to appreciate the complexity of aging and have come to familiarize ourselves with the key players in the process. Mitochondria are surely among the most important of these players. However, the role of mitochondria in aging is complex, as highlighted by observations that reducing oxidative stress may not be sufficient to extend lifespan. Indeed, extension of lifespan may require improved mitochondrial function, which paradoxically, can be induced by mildly stressing the mitochondria, a concept known as mitohormesis.
The question then is whether there is an optimal level of oxidative stress in mitochondria to induce peak function. And, if that optimal level of stress exists, which tissues would benefit most from improved mitochondrial function and at what timeframe? At a smaller scale, what cell types in the tissues would make the best targets? Somatic stem cells, which are responsible for maintaining tissues throughout the life of an organism, would appear to be prime targets for interventions to improve mitochondrial function. Much work remains to be done to answer these questions, which will form the basis for developing mitochondrial interventions to improve health and extend lifespan. 
